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Method details {#se0155}
==============

Rationale {#sec0005}
---------

Parkinson's disease, the second most common neurodegenerative disorder \[[@bib0005]\] and the fourteenth leading cause of death in the United States \[[@bib0010]\], is caused by the death of dopaminergic neurons that regulate movement in the substantia nigra pars compacta. Approximately one percent of the population of the United States of America over the age of 60 years is afflicted with Parkinson's disease \[[@bib0005]\]. The core features of Parkinson's disease include bradykinesia plus rest tremor or rigidity \[[@bib0015]\]. Postural instability is another common symptom of Parkinson's disease \[[@bib0005]\].

The assessment of Parkinson's disease and related conditions currently relies on the history of the illness, the clinical interview, the physical examination, and the completion of structured instruments including the Movement Disorder Society-Sponsored Revision of the Unified Parkinson's Disease Rating Scale (MDS-UPDRS) \[[@bib0015],[@bib0020]\]. The MDS-UPDRS \[[@bib0020]\], a 132-point rating scale that clinicians and researchers use to quantify symptom severity, including rest tremor, postural tremor, action tremor, and postural instability, is the current gold standard for the assessment of Parkinson's disease for clinical and research purposes. However, there exist multiple drawbacks to the MDS-UPDRS. The reliance on real-time human vision to quantify small differences in motion is a problem of the MDS-UPDRS. The MDS-UPDRS is semi-quantitative by design, however, in addition to significant inter-rater variability, there is inherent subjectivity in administering this tool, which is not blinded in clinical settings.

Technology to assess Parkinson's disease {#sec0010}
----------------------------------------

Multiple devices have been developed to assess individuals with Parkinson's disease. Although a comprehensive review of the utility of technology to obtain quantitative measurements of the symptoms and signs of Parkinson's disease \[[@bib0025], [@bib0030], [@bib0035]\], is beyond the scope of this article, identification of the benefits and disadvantages of key representative tools provides the background for the development of the current tool.

More objective measures of tremor and other movements using accelerometry and other technology devices \[[@bib0040], [@bib0045], [@bib0050], [@bib0055], [@bib0060]\] have been discussed for decades, but have not yet been implemented routinely to monitor symptom severity as part of diagnostic tools, clinical assessments, or clinical trials. An accelerometer-based device can be used to quantify motion more precisely than the MDS-UDPRS. Accelerometers are small devices that produce a voltage output proportional to acceleration ([Table1](#tbl0005){ref-type="table"}). The amplitude, speed, and periodicity of movement can be calculated and expressed graphically.Table 1Table of characteristics of representative accelerometers.Table 1ProductNumberVendorPrice (USD)URLSmall, Low Power, 3-Axis ± 3 g AccelerometerADXL335BCPZAnalog Devices, Norwood, MA3.83<https://shoppingcart.analog.com/>Wearable, wireless sensorShimmer3 IMU UnitShimmer -- North America, Cambridge, MA495.00<http://www.shimmersensing.com/products/shimmer3-imu-sensor#download-tab>Low-cost triaxial accelerometerAC115-3DConnection Technology Center, Inc., Victor, NY770.00<https://www.ctconline.com/biaxial_triaxial_accelerometers.aspx?prd=AC115>Triaxial capacitive accelerometerSlam Stick CMide Technology, Medford, MA1000.00<https://www.mide.com/collections/shock-vibration-data-loggers/products/slam-stick-c>Triaxial accelerometer3023 SeriesDytran Instruments, Inc., Chatsworth, CA1199.00<https://www.dytran.com/Accelerometers/>Triaxial capacitive accelerometerSlam Stick XMide Technology, Medford, MA2000.00<https://www.mide.com/collections/shock-vibration-data-loggers/products/slam-stick-x-metal>Triaxial capacitive accelerometerSlam Stick SMide Technology, Medford, MA3000.00<https://www.mide.com/collections/shock-vibration-data-loggers/products/slam-stick-s>

Several approaches have been proposed to utilize accelerometry to assess persons with Parkinson's disease.

A smart watch device and an analog accelerometer measured tremor peak frequency, peak power, and power of the first four harmonics for patients with Parkinson's disease and essential tremor. Mean harmonic peak power differentiated the postural tremor of Parkinson's disease from essential tremor for both modalities \[[@bib0065]\]. Tasks recorded on a smartphone correlate with some measurements on the MDS-UPDRS \[[@bib0020],[@bib0070]\].

Oscillatory movements, both at rest and at posture, were assessed clinically by a movement disorders specialist and by a biaxial accelerometer \[[@bib0075]\] on upper and lower extremities of people with Parkinson's disease and controls. There was less variability of rest and postural tremor frequency in the dominant lower limb of people with Parkinson's disease than in healthy adults. Additionally the frequency of rest tremors was discordant between upper and lower limbs of people with Parkinson's disease. Accelerometry may detect subtle alterations in movements of people with Parkinson's disease that cannot be perceived by expert clinicians \[[@bib0080]\].

A linear accelerometer on the posterior trunk measured postural instability in persons with Parkinson's disease \[[@bib0085]\]. Output from a triaxial accelerometer mounted on the waist identified freezing of gait in individuals with Parkinson's disease \[[@bib0090]\].

Postural stability has been assessed through the measurement of acceleration from a mobile device attached to the waist \[[@bib0095]\] and force platform on which the patient stands \[[@bib0100]\]; the measurements correlated well \[[@bib0105]\]. This system provides a valuable tool to gauge the extent of postural instability in persons with Parkinson's disease. Postural instability is not assessed by the proposed system. A wireless motion-sensor unit \[[@bib0110]\] on the affected index finger of patients with Parkinson's disease is more sensitive to change than clinical ratings of bradykinesia, hypokinesia, and dysrhythmia \[[@bib0115]\].

However, sophisticated systems that can safely be used with human participants ([Table 1](#tbl0005){ref-type="table"}) require budgets that are not available for the general population. Therefore, we sought to develop a safe and efficacious system to assessment key parameters of movement of people with Parkinson's disease and related conditions using inexpensive items that are readily available ([Table 2](#tbl0010){ref-type="table"}). We ardently sought to utilize inexpensive, readily available items. We constructed the equipment so that it was approved by Clinical Engineering at Johns Hopkins Hospital for use in human participants. We have not reviewed the myriad of devices that could possibly be constructed similar to our system. Cheaper equipment may be may be dangerous to apply to humans and other animals. A comprehensive review of all possible devices is beyond the scope of this article.Table 2Table of characteristics of components of the proposed system.Table 2ProductNumberVendorPrice (USD)URLFour small, low power, 3-axis ± 3 g accelerometersADXL335BCPZAnalog Devices, Norwood, MA3.83 × 4 = 15.32<https://shoppingcart.analog.com/>Four 16-foot-4.5-inch light, shielded cablesWoods 55213143 16/2 low voltage lighting cable, 100-feet[amazon.com](http://amazon.com){#intr0045}25.22<https://www.amazon.com/Woods-55213143-Voltage-Lighting-100-Feet/dp/B06XKTBM1B>Portable, USB/ethernet data logger systemDI-710 SeriesDATAQ Instruments, Inc., Akron, OH499.00<https://www.dataq.com/products/di-710/>Six-foot high-speed USB revision 2.0 shielded MSL cable28 A WG/2C + 24AWG/2C (UL) E305668 type CM 75 °C CSA 204790[USBMAX.com](http://USBMAX.com){#intr0060} / QCUSA INC., Clearwater, FL1.59<http://www.usbmax.com/USB_Cables.html>

Thus, we developed a accelerometry-based method for the acquisition of motion data from patients with a variety of movement disorders and healthy matched controls for signal processing algorithms that can objectively and reliably analyze the collected data to identify pathognomonic motor patterns of patients' conditions and that can be used to further objectify and more accurately quantify movement disorder ratings scales like the MDS-UPDRS \[[@bib0020]\]. While wearable devices are available for placement on the wrist and the ankle, they are not suitable for placement on the fingers and the toes, crucial locations to detect the movements of Parkinson's disease.

Construction of instrumentation {#sec0015}
-------------------------------

Each of four small, low-power, tri-axial ±3g accelerometers \[[@bib0120]\] were individually mounted on a three-axis accelerometer evaluation board \[[@bib0125]\] ([Fig. 1](#fig0005){ref-type="fig"}).Fig. 1Small, low power, tri-axial ±3 *g* accelerometer \[[@bib0120]\] mounted on a three-axis accelerometer evaluation board \[[@bib0125]\].Fig. 1

*This particular accelerometer was chosen due to its low cost and its ready availability from multiple vendors. Replacements can be obtained quickly. Representative accelerometers are indicated in* [Table 1](#tbl0005){ref-type="table"}*. The proposed instrumentation has been approved for use with human participants by Clinical Engineering at Johns Hopkins Hospital in Baltimore, Maryland, USA. The safety and efficacy of alternative accelerometers and devices are uncertain. Replacing the accelerometers and devices described in this article by other similarly specified modules may produce unknown effects on the analysis of the data. Before utilizing modules other than those described in this article on human participants, the safety of the devices must be demonstrated*.

Epoxy was applied to cover the metal pins on the surface of each accelerometer evaluation board to smooth that surface so as to avoid scratching the skin of the patient ([Fig. 2](#fig0010){ref-type="fig"}). Each accelerometer evaluation board was connected by a 16-foot-4.5-inch light, shielded cable identified with one, two, three, or four bands of black tape ([Fig. 3](#fig0015){ref-type="fig"}) to a low-cost, portable, USB/ethernet data logger system ([Fig. 4](#fig0020){ref-type="fig"}) \[[@bib0130]\] ([Fig. 5](#fig0025){ref-type="fig"}) \[[@bib0135]\] secured with soldering inside a metal box of 8.75″ × 5.75″ × 3.00″ that was connected to a laptop computer through a standard 6′ hi-speed USB revision 2.0 shielded 28AWG/2C+24AWG/2C (UL) E305668 type CM 75°C CSA 204790 type CM 75°C MSL cable ([Fig. 3](#fig0015){ref-type="fig"}). Since the wires may become separated from their connections when the equipment is moved, each wire is firmly soldered in its proper place. The power for the accelerometers is +3 V relative to ground, and the current drawn by the accelerometers is 350 microamps for each accelerometer. The power is supplied by two standard C cell batteries that are housed in a standard battery bracket, and that are physically attached to the data logger \[[@bib0130]\] with cable ties within the metal box ([Fig. 3](#fig0015){ref-type="fig"}). No external power is supplied to the data logger \[[@bib0130]\] or the accelerometer evaluation boards \[[@bib0125]\] except through the USB cable, which supplies power to operate the data logger \[[@bib0130]\]. Accelerometry data is acquired using data acquisition and playback software \[[@bib0140]\] installed on a laptop computer.Fig. 2Back surface of a three-axis accelerometer evaluation board (EVAL- ADXL335Z, 2009) with metal pins of accelerometer evaluation board covered with dried epoxy to present a smooth surface when applied to the skin of the participant. When covered with epoxy, the metal pins do not scratch the surface of the skin.Fig. 2Fig. 3Metal box housing covering low-cost, portable, USB/ethernet data logger system \[[@bib0130]\] ([Fig. 5](#fig0025){ref-type="fig"}) with four 16-foot-4.5-inch light, shielded cables identified with one, two, three, or four bands of black tape to connect input from accelerometer evaluation boards board \[[@bib0125]\] ([Fig. 1](#fig0005){ref-type="fig"}) on left and a standard 6′ hi-speed USB revision 2.0 shielded 28AWG/ 2C + 24AWG/2C (UL) E305668 type CM 75 °C CSA 204790 type CM 75 °C MSL cable to connect output to a laptop computer on right. A one-foot ruler is displayed by the equipment.Fig. 3Fig. 4A low-cost, portable, USB/ethernet data logger system ([Fig. 5](#fig0025){ref-type="fig"}) \[[@bib0130]\] for accelerometry data acquisition.Fig. 4Fig. 5Standard 6′ high-speed USB revision 2.0 shielded 28AWG/2C + 24AWG/2C (UL) E305668 type CM 75 °C CSA 204790 type CM 75 °C MSL cable from the metal box ([Fig. 3](#fig0015){ref-type="fig"}) being plugged into the laptop computer.Fig. 5

[Table 2](#tbl0010){ref-type="table"} summarizes the costs of the components of this system. Additionally a laptop computer is utilized for this system. Commercially available systems cost several times \[[@bib0145],[@bib0150],[@bib0100]\] more than the indicated system. Thus, a key advantage of the proposed system is the ready availability of an inexpensive system that can safely be utilized with human participants.

Recording procedure by trained technologist {#sec0020}
-------------------------------------------

The data from the instrumentation is recorded by a trained technologist who codes and saves on a laptop computer the output of each item. The technologist performed the steps as follows:•Turn on the laptop computer.•Plug the standard 6′ hi-speed USB revision 2.0 shielded 28AWG/2C+24AWG/2C (UL) E305668 type CM 75°C CSA 204790 type CM 75°C MSL cable from the metal box ([Fig. 3](#fig0015){ref-type="fig"}) into the laptop computer ([Fig. 6](#fig0030){ref-type="fig"}).Fig. 6Block diagram of low-cost, portable, USB/ethernet data logger system ([Fig. 3](#fig0015){ref-type="fig"}, [Fig. 4](#fig0020){ref-type="fig"}) \[[@bib0135]\]. Reproduced with permission of Shawn MacDonald, DATAQ Instruments Inc., Akron, Ohio.Fig. 6•Plug each accelerometer evaluation board ([Fig. 1](#fig0005){ref-type="fig"}) into the receptacle ([Fig. 7](#fig0035){ref-type="fig"}) on a 16- foot-4.5-inch light, shielded cable from the metal box ([Fig. 3](#fig0015){ref-type="fig"}) identified with one, two, three, or four bands of black tape. \[Note that the "ST" marking on the accelerometer evaluation board must face towards the side of the red wire. Damage to the accelerometer can result from plugging it in backwards. Also note that the wire number is labelled by strips of black tape ([Fig. 3](#fig0015){ref-type="fig"}). The wire number must be aligned with placement on the limbs.\]Fig. 7An accelerometer evaluation board \[[@bib0125]\] plugged into the receptacle on a 16-foot-4.5-inch light, shielded cable from the metal box ([Fig. 3](#fig0015){ref-type="fig"}).Fig. 7•With the accelerometer evaluation boards in place on the patient, start the DataQ software \[[@bib0140]\] by clicking the icon on the desktop ([Fig. 8](#fig0040){ref-type="fig"}).Fig. 8Computer screen with DataQ icon on lower margin.Fig. 8•When the "DataQ Instruments Hardware Manager" window pops up, click "Start WINDAQ" \[[@bib0140]\] ([Fig. 9](#fig0045){ref-type="fig"}). \[Twelve thin, dark blue lines running horizontally across the window, each representing an x, y, z component of one of the accelerometers, will appear on the screen ([Fig. 10](#fig0050){ref-type="fig"}). Note that if any of these lines appears a cyan color, the attachment of the accelerometer is not complete.\]Fig. 9Computer screen after clicking "Start WINDAQ" on the "DataQ Instruments Hardware Manager" window.Fig. 9Fig. 10Computer screen displaying twelve thin, dark blue lines running horizontally across the window, each representing an x, y, z component of one of the accelerometers. Note that if any of these lines appears a cyan color, the attachment of the accelerometer evaluation board is incomplete.Fig. 10•Instruct the examiner to attach the accelerometer evaluation boards to the participant.•Record data by clicking "File" and then clicking "Record."•Choose the file name ([Fig. 11](#fig0055){ref-type="fig"}).Fig. 11The name of the file for each item of the protocol is entered on the computer.Fig. 11•Select the duration of the recording time based on the length of time of the item ([Fig. 12](#fig0060){ref-type="fig"}).Fig. 12The selection of the duration of the recording of each item is based on the length of time to administer the item.Fig. 12•When instructed by the examiner, click "OK" so that the device will begin recording. \[The file will be saved on the desktop in a folder titled "AccData" ([Fig. 13](#fig0065){ref-type="fig"}).\]Fig. 13Display of the recorded file from a protocol item in "AccData.".Fig. 13•After the participant has completed all the motor tasks, convert the data using the Waveform Browser before analysis.•Migrate to the desktop, open the folder titled "AccData," and double click the file to convert. \[The file will open in the Waveform Browser.\]•Click "File," then click "Save As" ([Fig. 14](#fig0070){ref-type="fig"}).Fig. 14Display to save the data of the recorded file from a protocol item.Fig. 14•Select the option for ASCII output, then click "Save" ([Fig. 15](#fig0075){ref-type="fig"}). \[Note that these steps must be done for every recording made.\]Fig. 15Display to save the data file in the ASCII format.Fig. 15

Administration of movement assessment to participants with Parkinson's disease and related conditions {#sec0025}
-----------------------------------------------------------------------------------------------------

The work was carried out in accordance with the recommendations of the World Medical Association in the WMA Declaration of Helsinki - Ethical Principles for Medical Research Involving Human Subjects \[[@bib0155]\] and the Recommendations for the Conduct, Reporting, Editing, and Publication of Scholarly Work in Medical Journals \[[@bib0160]\]. The study was approved by the Institutional Review Board of The Johns Hopkins University School of Medicine in Baltimore, Maryland, United States. All participants provided written informed consent to take part in this study.

The procedure is filmed by a videographer for rating by trained raters certified in the administration of the MDS-UPDRS) \[[@bib0020]\] by the International Parkinson and Movement Disorder Society (<https://mds.movementdisorders.org/updrs/>) and blind to the status of the patient. The filmed images are correlated with the output of the instrumentation. Assistants are positioned to catch the patient if there is a fall.

The participant sits on a strong firm chair with a straight back and firm arms placed at least six inches from a wall to facilitate the administration of the procedure. The chair is place far from the wall so that the head of the participant will not touch the wall. Since people with Parkinson's disease may experience unsteadiness when arising, the chair is placed far enough from the wall so that the participant's head will not bang against the wall if there is a sudden loss of balance. The examiner and assistants are prepared to catch the participant if the participant falls during the procedure.

The protocol is administered by an experienced examiner who is certified in the administration of the MDS-UPDRS \[[@bib0020]\] by the International Parkinson and Movement Disorder Society (<https://mds.movementdisorders.org/updrs/>).

After administering each item the examiner scores each item circling the observed behaviors and recording the side (left or right) of each finding on the coding form (See Appendix 1 in Supplementary materials). The examiner adds notes about other events observed during the administration of each item.

Administration of the movement assessment of the upper extremities {#sec0030}
------------------------------------------------------------------

The participant is queried if there is an allergy to hypoallergic tape. If an allergy is present, then the procedure is aborted.

The accelerometer evaluation boards are attached to the index fingers and wrists as illustrated in [Fig. 16](#fig0080){ref-type="fig"} with hypoallergenic tape as follows:Fig. 16(Left panel) Placement of accelerometer evaluation boards on the dorsal surface of the second (middle) phalanx of the right index finger and midway between radius and ulna approximately two inches proximal to the right wrist joint on the dorsum of the arm.(Right panel) Placement of accelerometer evaluation boards on the dorsal surface of the second (middle) phalanx of the left index finger and midway between radius and ulna approximately two inches proximal to the left wrist joint on the dorsum of the arm.Fig. 16

Accelerometer evaluation board 1 -- Dorsal surface of the second (middle) phalanx of the right index finger,

Accelerometer evaluation board 2 -- Midway between radius and ulna approximately two inches proximal to the right wrist joint on the dorsum of the arm,

Accelerometer evaluation board 3 -- Dorsal surface of the second (middle) phalanx of the left index finger,

Accelerometer evaluation board 4 -- Midway between radius and ulna approximately two inches proximal to the left wrist joint on the dorsum of the arm.

The video camera is focused on the hands on the arms of the chair.

"3.17 Rest tremor amplitude" upper limb {#sec0035}
---------------------------------------

The examiner instructs the participant to **"**sit quietly in a chair with the hands placed on the arms of the chair (not the lap) and the feet comfortably supported on the floor" for three minutes. The examiner asks the recording technologist to state when the three minute observation period begins and ends (See Appendix 1 in Supplementary materials).

"3.17 Rest tremor amplitude" upper limbs counting {#sec0040}
-------------------------------------------------

The examiner instructs the participant to **"**sit quietly in a chair with the hands placed on the arms of the chair (not the lap) and the feet comfortably supported on the floor" while counting aloud from 30 backwards. The examiner tells (1) the recording technologist to begin recording, (2) the participant to perform the task, and (3) the recording technologist to stop recording (See Appendix 1 in Supplementary materials).

The video camera is focused on the outstretched hands.

\"3.15 Postural tremor of the hands {#sec0045}
-----------------------------------

The examiner advises the recording technologist that one recording will include both right and left procedures. The recording technologist is asked to provide the start and the stop times for the procedure for each hand. The examiner instructs (1) the recording technologist to begin recording, (2) the participant to **"**stretch the right arm out in front of the body with palms down," the wrist straight, and "the fingers comfortably separated so that they do not touch each other," (3) the recording technologist to give the start and stop signals for ten seconds, (4) the participant to **"**stretch the left arm out in front of the body with palms down," the wrist straight, and "the fingers comfortably separated so that they do not touch each other," (5) the recording technologist to give the start and stop signals for ten seconds, and (6) the recorder to stop recording (See Appendix 1 in Supplementary materials).

3.4 Finger tapping {#sec0050}
------------------

The examiner advises the recording technologist that one recording will include both right and left procedures. The examiner demonstrates the task, but does not continue to perform the task while the participant is being tested. The examiner instructs (1) the recording technologist to begin recording, (2) the participant to tap the right index finger on the right thumb "as quickly AND as big as possible," (3) the participant to tap the left index finger on the left thumb "as quickly AND as big as possible, and 4) the recording technologist to stop recording (See Appendix 1 in Supplementary materials).

3.5 Hand movements {#sec0055}
------------------

The examiner advises the recording technologist that one recording will include both right and left procedures. The examiner demonstrates the task, but does not continue to perform the task while the participant is being tested. The examiner instructs (1) the recording technologist to begin recording, (2) the participant to make a tight fist with the right "arm bent at the elbow so that the palm faces the examiner," and then "to open the hand as fully AND as quickly as possible," (3)) the participant to make a tight fist with the left "arm bent at the elbow so that the palm faces the examiner," and then "to open the hand as fully AND as quickly as possible," and 4) the recording technologist to stop recording (See Appendix 1 in Supplementary materials).

3.6 Pronation-supination movements of hands {#sec0060}
-------------------------------------------

The examiner advises the recording technologist that one recording will include both right and left procedures. The examiner demonstrates the task, but does not continue to perform the task while the participant is being tested. The examiner instructs (1) the recording technologist to begin recording, (2) the participant to "extend the right arm out in front of his/her body with the palm down; then to turn the palm up and down alternately as fast and as fully as possible," (3) the participant to "extend the left arm out in front of his/her body with the palm down; then to turn the palm up and down alternately as fast and as fully as possible," and 4) the recording technologist to stop recording (See Appendix 1 in Supplementary materials). The video camera is focused to capture the full body from head to toe while standing.

"3.9 Arising from chair" upper limbs {#sec0065}
------------------------------------

The examiner asks the recording technologist to begin recording. The examiner demonstrates the task, but does not continue to perform the task while the participant is being tested. The examiner asks the participant to "sit in a straight-backed chair with arms, with both feet on the floor and sitting back in the chair (if the patient is not too short)," with arms crossed across the chest and then to stand up. The examiner asks the recording technologist to stop recording (See Appendix 1 in Supplementary materials). The accelerometer evaluation boards are removed from the fingers and wrists.

Administration of the movement assessment of the lower extremities {#sec0070}
------------------------------------------------------------------

The participant is asked to remove shoes and socks.

The accelerometer evaluation boards are attached to the shins and toes as illustrated in [Fig. 17](#fig0085){ref-type="fig"} with hypoallergenic tape as follows:Fig. 17(Left panel) Placement of accelerometer evaluation boards on the anterior surface of the right tibia two inches proximal to the medial malleolus and on the dorsal surface of the proximal phalanx of the right big toe.(Right panel) Placement of accelerometer evaluation boards on the anterior surface of the left tibia two inches proximal to the medial malleolus and on the dorsal surface of the proximal phalanx of the left big toe.Fig. 17

Accelerometer evaluation board 1 -- Anterior surface of the right tibia two inches proximal to the medial malleolus.

Accelerometer evaluation board 2 -- Dorsal surface of the proximal phalanx of the right big toe.

Accelerometer evaluation board 3 -- Anterior surface of the left tibia two inches proximal to the medial malleolus.

Accelerometer evaluation board 4 -- Dorsal surface of the proximal phalanx of the left big toe.

"3.9 Arising from chair" lower limbs {#sec0075}
------------------------------------

The examiner asks the recording technologist to begin recording. The examiner demonstrates the task, but does not continue to perform the task while the participant is being tested. The examiner asks the participant to "sit in a straight-backed chair with arms, with both feet on the floor and sitting back in the chair (if the patient is not too short)," with arms crossed across the chest and then to stand up. The examiner asks the recording technologist to stop recording (See Appendix 1 in Supplementary materials). The video camera is focused on the feet on the floor.

"3.17 Rest tremor amplitude" lower limbs {#sec0080}
----------------------------------------

The examiner instructs the participant to **"**sit quietly in a chair with the hands placed on the arms of the chair (not the lap) and the feet comfortably supported on the floor" for three minutes. The examiner asks the recording technologist to state when the three minute observation period begins and ends (See Appendix 1 in Supplementary materials).

"3.17 Rest tremor amplitude" lower limbs counting {#sec0085}
-------------------------------------------------

The examiner instructs the participant to sit quietly in a chair with the hands placed on the arms of the chair (not the lap) and the feet comfortably supported on the floor" while counting aloud from 30 backwards. The examiner tells (1) the recording technologist to begin recording, (2) the participant to perform the task, and (3) the recording technologist to stop recording (See Appendix 1 in Supplementary materials).

The video camera is focused on the feet in motion.

3.7 Toe tapping {#sec0090}
---------------

The examiner advises the recording technologist that one recording will include both right and left procedures. The examiner demonstrates the task, but does not continue to perform the task while the participant is being tested. The examiner instructs (1) the recording technologist to begin recording, (2) the participant to place the right "heel on the ground in a comfortable position and then tap the toes as big and as fast as possible," (3) the participant to place the left "heel on the ground in a comfortable position and then tap the toes as big and as fast as possible," and (4) the recording technologist to stop recording (See Appendix 1 in Supplementary materials).

3.8 Leg agility {#sec0095}
---------------

The examiner advises the recording technologist that one recording will include both right and left procedures. The examiner demonstrates the task, but does not continue to perform the task while the participant is being tested. The examiner instructs (1) the recording technologist to begin recording, (2) the participant to place the right "foot on the ground in a comfortable position and then raise and stomp the foot on the ground as high and as fast as possible," (3) the participant to place the left "foot on the ground in a comfortable position and then raise and stomp the foot on the ground as high and as fast as possible," and (4) the recording technologist to stop recording (See Appendix 1 in Supplementary materials).

Portions of the Movement Disorder Society-Sponsored Revision of the Unified Parkinson's Disease Rating Scale (MDS-UPDRS) \[[@bib0020]\] in quotation marks are used with the kind permission of the International Parkinson and Movement Disorder Society.

Method validation {#sec0100}
=================

The method was applied to the hand of a healthy 25-year-old man without Parkinson's disease who generated recording without a tremor and with imitated tremors of slight, mild, moderate, and severe magnitude. Normal participants are often able to simulate tremors that are indistinguishable from those of patients with Parkinson's disease \[[@bib0165]\]. Signal processing algorithms \[[@bib0170]\] were written to extract and analyze the data. [Fig. 18](#fig0090){ref-type="fig"} demonstrates the representation of the data of a healthy 25-year-old man without Parkinson's disease mimicking tremors rated as "no tremor," "slight tremor," "mild tremor," "moderate tremor," and "severe tremor" according to the MDS-UPDRS \[[@bib0020]\]. Tremor acceleration amplitude increases with increasing tremor severity ([Fig. 18](#fig0090){ref-type="fig"}). Fast Fourier transforms (FFTs) \[[@bib0175], [@bib0180], [@bib0185]\] of the data of [Fig. 18](#fig0090){ref-type="fig"} demonstrate that for all degrees of tremor severity, there is a fundamental rhythm at 6 Hz with harmonics at 12 Hz and 8 HZ ([Fig. 19](#fig0095){ref-type="fig"}). Additional analyses of data are being developed \[[@bib0190],[@bib0195]\].Fig. 18Representation of a tremor imitation by a healthy 25-year-old man without Parkinson's disease. The ordinate represents the normalized voltage output of the device versus time on the abscissa. Tremor acceleration amplitude increases with increasing tremor severity.Fig. 18Fig. 19Representation of a tremor imitation by a healthy 25-year-old man without Parkinson's disease. Sample signal processing algorithm by means of a fast Fourier transform (FFT) plot of the same data of [Fig. 18](#fig0090){ref-type="fig"}, where the ordinate represents the single-sided amplitude corresponding to the abscissa frequency.Fig. 19

The protocol has been performed on 20 participants with Parkinson's disease and one participant with multiple system atrophy (MSA), a clinical disorder with some features of Parkinson's disease \[[@bib0200]\], and three age-matched healthy control participants. Test-retest has been performed on eight participants with Parkinson's disease \[[@bib0205]\] and three healthy control participants. These data are being analyzed for future publications.

Limitations {#sec0105}
===========

The proposed system does not measure action tremor and postural instability, key aspects of the symptomatology of Parkinson's disease. During some of the initial practice sessions the wires became separated from the accelerometer due to vigorous movements. Therefore, we did not include the measurement of action tremor for fear that the wires would be dislodged. By firmly attaching the equipment with solder and epoxy, we are likely to construct secure attachments that can withstand the force of actions movements. We shall include assessment for action tremor in future studies. We also avoided specific tests of postural stability for fear of disconnecting the wires during the process. By making strong connections of the wires to the equipment, we shall include a balance board to measure the center of pressure during standing to test postural instability in future studies.

Future directions {#sec0110}
=================

The proposed instrumentation offers a simple, relatively inexpensively constructed approach to generate quantitative continuous measurement of movements in the extremities of people with Parkinson\'s disease. There are several methods to analyze the data obtained currently. Additionally, there are several methods to enhance the current protocol to capture the spectrum of movement abnormalities characteristic of Parkinson's disease to provide a comprehensive representation of the common deficits manifested by persons with Parkinson's disease. Therefore, we shall describe signal processing approaches to characterize the motor symptoms of Parkinson's disease by means of quantification algorithms for the current instrumentation and for enhanced instrumentation.

Quantification algorithms for the current instrumentation {#sec0115}
---------------------------------------------------------

Currently we measure the specified movements in the upper and lower extremities by means of visual observation scored during the live rating and by subsequent videotape review along with analysis of the output of the instrumentation. Analysis of the output of the current instrumentation includes the application of fast Fourier transforms to represent the amplitude of the normalized voltage of tremors as a function of time ([Fig. 18](#fig0090){ref-type="fig"}) \[[@bib0190],[@bib0200],[@bib0195],[@bib0205],[@bib0175]\]. This approach is being applied to the output of cohorts of persons with Parkinson's disease and age-matched healthy controls \[[@bib0190],[@bib0200],[@bib0195],[@bib0205],[@bib0175]\]. The analysis of the output of instrumentation can be enhanced by the application of time-frequency analysis with the bump variant of the continuous wavelet transform \[[@bib0210],[@bib0185],[@bib0190]\]. The output gives a visual representation of both the amplitude of the normalized voltage and the frequency as functions of time. With this approach the viewer may detect increasing and decreasing frequencies as well as halts and interruptions of movements (\[[@bib0210],[@bib0185]\]; Harrigan et al., 2018). Additionally application of machine learning \[[@bib0215],[@bib0180]\] is a promising approach for the analysis of the current protocol. For example, downsampling strategies \[[@bib0220]\] may be applied to the output of the instrumentation to generate quantification algorithms to characterize the motor symptoms of Parkinson's disease.

Quantification algorithms for future enhanced instrumentation {#sec0120}
-------------------------------------------------------------

We plan to enhance the current protocol for the quantification of the motor symptoms of Parkinson's disease with the addition of wearable instrumentation, including accelerometers, compasses, electromyograms, and gyroscopes, and other hardware, such as force plates, to capture aspects of movements including halts and balance problems. Additionally, systems have been developed to combine wearable instrumentation and stationary platforms with sophisticated software and other analysis procedures. While a comprehensive review of available equipment and the tools to analyze the output is beyond the scope of this article, we would like to suggest some promising approaches. Inertial sensors are often constructed as wearable devices \[[@bib0020]5\].

### Inertial sensors {#sec0125}

#### Accelerometers {#sec0130}

Linear acceleration data measures the amplitude of oscillations by means of accelerometers \[[@bib0225],[@bib0230]\]. The current method utilizes single accelerometers placed, first on both pointer fingers and both forearm and, second, on both great toes and both shins. Future developments may include placing accelerometers on both pointer and both little fingers, both forearms, both great and both little toes, and both shins at the same time. Thus, assessments of upper and lower extremities may be performed simultaneously. The presence of accelerometers on the medial and lateral aspects of the hands and the feet will facilitate the detection alternating motions in those parts. The output of accelerometers can be analyzed by fast Fourier transforms \[[@bib0175],[@bib0190], [@bib0195], [@bib0200], [@bib0205]\], continuous wavelet transforms \[[@bib0210]\] and machine learning \[[@bib0220],[@bib0180]\]. A spectrum of accelerometers have been developed \[[@bib0035]\]. Additional methods of analysis include parametric \[[@bib0235]\] and non-parametric procedures \[[@bib0080]\], short time Fourier transforms, power spectral density analysis, peak detection nethods, and pattern recognition \[[@bib0240]\]. Gravitational artifacts may occur with a vertical hand when the device is mounted near the wrist \[[@bib0245]\]. Mean harmonic power differentiated the postural tremor of Parkinson's disease from essential tremor \[[@bib0065]\].

#### Compasses {#sec0135}

Compass sensors have been utilized to provide absolute orientation for telemonitoring \[[@bib0250]\].

#### Electromyograms (EMGs) {#sec0140}

Muscular contractions are measured by means of electromyograms (EMGs), electrode sensors fixed to the skin \[[@bib0225],[@bib0230],[@bib0255]\].

#### Gyroscopes {#sec0145}

Gyroscopic sensors are devices to detect angular rotation and measure angular velocity \[[@bib0225],[@bib0230]\]. They can be mounted on hands and other body parts. Gyroscopes can identify gait, sway, tremor, and bradykinesia \[[@bib0025]\]. Fast Fourier transforms readily analyze the outputs of gyroscopes \[[@bib0165]\]. Output of accelerometers and gyroscopes together are analyzed by means of fast Fourier transforms \[[@bib0215]\].

#### Systems combining inertial sensor techniques {#sec0150}

Some systems combine accelerometers and gyroscopes \[[@bib0025]\].

### Force sensors {#sec0155}

#### Gait analysis {#sec0160}

Gait measures can be made using a motion capture system consisting of reflective microbeads and EMGs attached to the body parts of the participant and recorded by a special video camera for analysis with specialized software \[[@bib0255]\]. OpenSim Software \[[@bib0260]\] utilizes measures of acceleration to calculate force. This measurement system reproduces the common measurements on Parkinson's disease, such as stride lengths and timing of stance phase, and it detects movement artifacts within the ankles, hips, and knees, so that halting of gait, slowing, and tremor can be identified. The standard gait analysis tools for OpenSim calculate joint motion, forces, and moments over time using an inverse kinematics calculation, specialized for each participant. The measurement system also includes surface EMG data acquisition, which detects muscle activation. The EMG measurements indicate halting, slowing, and tremor. The components of a motion capture system are wearable.

#### Ground platforms \[[@bib0025]\] {#sec0165}

A detailed analysis of balance can be made by means of a force plate \[[@bib0100]\]. The variations in the center of pressure during standing can be measured to test postural instability \[[@bib0265]\] to identify freezing of gait in Parkinson's disease \[[@bib0270]\]. The specific changes in neurological performance that are likely to affect gait and balance can be characterized by tremor, slowing, and halting. Based on biomechanical considerations of motion and posture control \[[@bib0275]\], the control systems that maintain balance and posture can be considered as feedback control loops. A neurologically induced tremor can be considered a noise input to the systems that control posture and slowing or halting can be considered delays in the feedback and actuation components. Delays in the components of a control system can induce instabilities in mechanical systems \[[@bib0280]\]. The association between delays and stability in mechanical systems can be reflected in the connection between symptoms of halting and slowing and the postural stability in the measurements in this study.

Conclusion {#sec0170}
==========

A low-cost method to provide quantitative continuous measurement of movements in the extremities of people with Parkinson\'s disease and correlation with live and video ratings of the movements with modifications of the current state-of-the-art rating scale \[[@bib0020]\] was presented. Validation of the method with the data from tremors of varying magnitudes simulated by a healthy 25-year-old man without Parkinson's disease was described. The procedure has also been conducted on 20 people with Parkinson's disease and one person with multiple system atrophy \[[@bib0200]\] and three healthy control participants. Test-retest of the procedure has been accomplished on eight of the people with Parkinson's disease \[[@bib0205]\] and three healthy control participants. Other methods of data analysis are being developed \[[@bib0190],[@bib0195]\]. This procedure will provide the basis to stratify people with Parkinson's disease and related conditions by patient diagnosis, disease severity, and medication status and to analyze the output with custom signal processing techniques with the goal of identifying pathognomonic patterns of movement distinguishing among different movement disorders. For example, progressive supranuclear palsy may be differentiated from Parkinson's disease by finger tapping: there is a decrement in amplitude/speed in Parkinson's disease, whereas in progressive supranuclear palsy there is relative preservation of speed and notable loss of tapping amplitude (hypokinesia). Additionally the proposed procedure will likely facilitate the presence of essential tremor at 8--12 Hz and enhanced physiological tremor at 12--18 Hz. This procedure will provide the basis for construction of comparable equipment in regions without expert clinicians. Application of this procedure by examiners, recording technologists, and videographers trained in the protocol will provide the means to generate electronic output for interpretation by experts. Thus, the protocol will provide the means for patients in disadvantaged regions to benefit from the advice of experts for diagnostic and therapeutic purposes. Additionally the proposed protocol will provide quantitative output to generate biomarkers for specific clinical conditions. The protocol will provide the bases for objective measurements of the progress of participants in clinical trials and other treatment regimens.

Appendix A. Supplementary data {#sec0180}
==============================

The following is Supplementary data to this article:

Appendix 1 is a coding form to record the scores of a trained examiner for the patient's performance of each item of the procedure. The specific items demonstrated by the patient can be encircled on the form along with the note if the finding was observed on the left or the right. The examiner may add any remarks to assist in the interpretation of the findings.

Chakradhar Mishra, M.D., and Brian Hwang assisted in the refinement of the techniques of this method. Jenny-Ann Phan, M.D., kindly contributed the Graphical Abstract. The International Parkinson and Movement Disorder Society kindly gave permision to to use the Movement Disorder Society-Sponsored Revision of the Unified Parkinson\'s Disease Rating Scale (MDS-UPDRS) \[[@bib0020]\].

Supplementary material related to this article can be found, in the online version, at doi:<https://doi.org/10.1016/j.mex.2018.12.017>.
